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Abstract
A massless model of the graviton is explored by considering the minimum amount of
information they can carry. The total entropy of the universe is calculated and compared to
estimates from Super Massive Black holes and massive models of the graviton. The running
cosmological constant is calculated using the entropy relation previously computed and compared
to its experimentally accepted value. Both results are quantified considering radiation and matter
dominated universes.
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1. Introduction
Many of the fundamental physical forces are mediated by a massless propagator; for
example, the photon for the Electromagnetic force or the gluon for the Strong Nuclear force. For
gravity, the graviton is the predicted propagator. In the electromagnetic case the propagator is a
spin 0 particle, whereas the gluon and graviton carry spin 1 and spin 2 labels respectively. The
nature of the graviton is not completely known because a suitable renormalizable theory quantum
gravity has yet to be discovered. Some authors such as (Mureika, J. & Mann, R., 2010) and
(Novello, M, 2005) predict that these propagators will ultimately have experimentally

determinable mass, while still other authors consider effective field theory (EFT) approaches that
lend these propagators massless (Balseanu, M., 2019). For example, in (Haranas & Gkigkitzis,
2013), the authors suppose that gravitational waves follow a Klein-Gordon like equation:
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Where 𝑚𝑔 is the predicted mass of the propagator, the graviton. It is also well known that photons
follow a massless version of the Klein Gordon equation. The authors develop equations relating
the number of gravitons in the universe to the cosmological constant, and furthermore they relate
this to the total amount of information in the universe. In (Mureika, J. & Mann, R., 2010) the
authors bound the properties of any massless propagator using Heisenberg’s Uncertainty Relation
(HUR) and holography arguments. Using these arguments, the authors calculate that the mass of
any quanta satisfies
𝑚 ≥

16 𝜋 2 𝑀𝑢
𝑁𝑢

(2)

where 𝑀𝑢 is the mass of the universe and 𝑁𝑢 is the total amount of information contained within
the universe. Similarly, the speed of information transfer is constrained by
𝑣𝐼 ≤

2𝜆Δ𝐸
ℏ

(3)

𝜆 is the Compton wavelength of the particle and Δ𝐸 in the allowed quantum energy fluctuation.
The authors come to the conclusion that these arguments fail for the graviton (depending on the
holographic source). Theories have constrained the mass of the graviton to be as large as 10−49kg
(C. de Rham et al, 2017) and as small as 10−55 − 10−69 kg (Mureika, J. & Mann, R., 2010).
Gravitons are expected to be seen propagating in gravitational waves; and as a mediator between
massive particles at the Quantum Gravity level. Recent experiments (LIGO and VIRGO) have
already confirmed the existence of gravitational waves.

Throughout this contribution, we compare results from (Egan & Lineweaver, 2010); who
measured the entropy of the Universe using measurements from Binary Pulsars (estimated to be
the largest source of entropy in the universe). The authors estimate the entropy budget for weakly
interacting dark matter. In this contribution, we have suggested a correction to the equation for the
minimum amount of information carried by any massive entity which was theorized in (AlfonsoFaus & Fullana I Alfonso, 2013); the correction allows the equation to be valid for massless

particles. The authors use this equation to consider a theory of CBBC (Cosmic background Bose
Condensation) which may be a candidate to explain the current expansion of the universe. Their
equation for the minimum amount of information carried by any massive particle is used in
calculations by (Gkigkitzis et al, 2013) and is compared to the experimental results from (Egan &
Lineweaver, 2010). (Gkigkitzis et al, 2013) use results from Lloyd (Lloyd, 2000) and Landauer to
calculate the time varying entropy in both a flat and curved universe. Within our model we explore
a time varying, or running Cosmological constant, which is compared to results from other models
(Haranas & Gkigkitzis, 2013), (Lopez, Jorge L., and D.V. Nanopoulos, 1996), (Singh, K., 2010)
and (Liu, H. & Wesson, P., 2001). Throughout this contribution we relate our model to two of the
three epochs of the universe: radiation dominated and matter dominated universe; a dark energy
dominated universe is the subject of future research.

The motivation for this research is threefold:
1. To show that a massless model of the graviton can reproduce results observed in
massive models (with the application being a bound of the total entropy budget of
the universe in matter and radiation dominated epochs).
2. To study a model in which the time varying cosmological constant is a function of
information (through its dependence on Hubble’s constant).
3. To show how the classical solutions for matter and radiation dominated epochs can
be used to study more complex cosmological models such as entropy, gravitons,
cosmological constant, ect.

2. Formulation of the Model
All massless bosons move at the speed of light; therefore, all massless bosons obey the
same equation relating wavelength and frequency as the photon, namely 𝑐 = 𝜆𝑓 where f is the
frequency, 𝜆 is the wavelength of the boson and 𝑐 = 3 ∙ 108 m/s is the speed of light. Now we
introduce a massless equation that relates these fundamental constants to the amount of
information. In (Alfonso-Faus & Fullana I Alfonso, 2013) they argue a similar formula for massive
entities; the equation seen in that contribution is
𝑁=

𝑀𝑐 2
𝐻ℏ

(4)

where H is Hubble’s constant and ℏ is the reduced Planck’s constant. The authors associate N as
the minimum amount of information (1 Nat) that a massive entity must carry; i.e it is the amount
of information associated with any system of mass, M. This follows from Landauer’s principle;
physical systems carry information. For a massless particle, we must replace the rest energy by the
particles momentum 𝐸 = 𝑝𝑐 =
we replace 𝑀𝑐 2 →

ℎ𝑐
𝜆

ℎ𝑐
𝜆

where ℎ = 6.6 ∙ 10−34 Js is Planck’s constant. Hence, in (4)

which is valid for a radiation dominated universe; and take as an assumption

the smallest amount of information that a massless particle carries to be
𝑁 = 2𝜋

𝑐

(5)

𝐻𝜆

𝜆, the wavelength of the particle, can also be associated with its interaction range. This equation
cannot be used for a matter dominated universe because there is no evidence that the universe can
expand with speed c in a matter dominated universe. For a radiation dominated universe, where
the principle particles are massless; this equation is valid. However, we will find a resultant
equation which is valid for both matter and radiation dominated universes; we must make a
different substitution which is valid for matter dominated universes. We assume the graviton to
have an interaction range as large as the universe, hence are motivated to take
ℎ

𝜆=𝑀

(6)

𝑢𝑐

to be the wavelength in (5) (i.e the Compton wavelength of the universe); here 𝑀𝑢 is the total mass
in the observable universe which takes the form
𝑀𝑢 =

𝑐3

(7)

𝐺𝐻

where G is Newton’s constant. Using (6) and (7) we can rewrite equation (5) to be:
𝑐5

𝑁 = 𝐺𝐻 2 ℏ

(8)

Similarly, replacing 𝑀 → 𝑀𝑢 in (4) we arrive at (8); which is valid for matter dominated universes.
In this way, we have found an equation relating the total information budget of the universe due
𝑐5

to gravitons in both matter and radiation dominated universes. Recognizing that 𝑡𝑝2 = 𝐺ℏ we can
further rewrite (8) as:
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𝑡
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𝑝

𝑝

2

(9)

which mirrors the relation seen in (Gkigkitzis et al, 2013). Note that this expression also agrees
with expression (5) in (Lloyd, 2000) where the author states that the total number of bits in the
𝑡

2

universe is proportional to (𝑡 ) in a matter dominated universe.
𝑝

4. Calculation of the Entropy of the Universe
The entropy of a system is given by Boltzmann’s equation. However, (Lloyd, 2000)
derived a different equation for the entropy carried by 1 Nat of information which satisfies
Landauer’s principle; i.e that information is physical and is registered and carried by physical
systems (Lloyd, 2000). We are also motivated by (Mureika, J. & Mann, R., 2010) that gravity may
be expressed as an entropic force. For one massive entity the entropy associated with 1 Nat is given
by 𝑆 = 𝑘𝐵 ln 2 (Gkigkitzis et al, 2013). For N bits of information this equation becomes
𝑆 = 𝑁 𝑘𝐵 ln 2

(10)

here 𝑘𝐵 is Boltzmann’s constant. Substituting from (9) we have
𝑆=

𝑘𝐵 ln 2

(11)

2
𝐻(𝑡)2 𝑡𝑝

here we have let 𝐻 = 𝐻(𝑡), i.e a time varying Hubble’s constant. To solve this equation, we recall
𝑎̇

the definition of H, which is given by 𝐻 = 𝑎 where a is the scale factor of the universe. A review
of these definitions can be found in (Islam, 1992). Considering a matter dominated universe
2

constrains the scale factor, a, to be proportional to 𝑡 3 (A. Liddle, 2015). Substituting the definition
of Hubble’s constant into (11), our relation for the scale factor gives us
S=

9 𝑘𝐵 ln 2 2
𝑡
2
4𝑡𝑝

(12)

Substituting 𝑡 = 4.35 × 1017 s (13 billion years) to be the age of the universe implies that a bound
for the entropy at the current age of the universe is 𝑆 = 1.40 × 1099 J/K; matching the results of
(Gkigkitzis et al, 2013) and (Egan & Lineweaver, 2010) up to an order of magnitude.
1

For a radiation dominated universe we have that the scale factor is proportional to 𝑡 2 (A.
Liddle, 2015); in a similar way we obtain:
S=

4 𝑘𝐵 ln 2 2
𝑡
2
𝑡𝑝

(13)

So, a constraint on the entropy during the early universe (say 30 000 years from the Big
Bang) is 𝑆 = 1.18 × 1088 J/K. Our model predicts that the entropy has increased by 11 orders of
magnitude since the radiation dominated period of the universe.

5. Relation to the Cosmological Constant
Next, we will use the equation for entropy we have derived to explore the dynamics of a
time varying (running) Cosmological constant. We would now like to relate equation (11) to the
one seen in (Gkigkitzis & Haranas, 2013), which is calculates the entropy of a universe with a
Cosmological constant. The relation seen in that contribution was
𝑆=

3𝜋𝑘𝐵

(14)

2
Λ𝑙𝑝

Λ being the Cosmological constant and 𝑙𝑝 is the Planck length. Given that we calculated the same
value for the entropy of the universe in the preceding section, we are motivated to equate (11) and
(14). Solving this equation for the Cosmological constant leads to
Λ=

3𝜋𝐻 2

(15)

c2 ln 2

which matches the result found in (Haranas & Gkigkitzis, 2013). If we want to explore the
dynamics of a time varying Cosmological constant, we can allow both Λ and H to have explicit
𝑎̇

time dependence. Substituting the definition of H(t) from the previous section, 𝐻 = 𝑎 and using
2

the fact that 𝑎(𝑡) ~ 𝑡 3 for a matter dominated universe; we arrive at
Λ=

12𝜋
9 c2 ln 2

𝑡 −2

(16)

which shows that for this simple model the Cosmological constant gets smaller as time evolves.
Substituting 𝑡 = 1017 s for the current age of the universe (as done in the preceding section) yields
the numerical value of the Cosmological constant to be Λ = 3.55 × 10−52 , very close to accepted
value of Λ true = 1.1056 × 10−52 . Similarly, for the radiation dominated period we have
Λ=

3𝜋
4 c2 ln 2

𝑡 −2

(17)

substituting 𝑡 = 30000 years leads to Λ = 4.22 × 10−41 and so the model predicts that the
Cosmological constant has increased by 11 orders of magnitude from the radiation period to the
matter dominated period (in the preceding section we saw that this is also true for the total entropy
1

of the Universe) and so it is clear for our model 𝑆 ∝ Λ for both matter and radiation dominated

eras. In (Lopez, Jorge L., and D.V. Nanopoulos, 1996), (Singh, K., 2010) and (Liu, H. & Wesson,
1

P., 2001) a running cosmological constant which scales as Λ ∝ 𝑡 2 is calculated using different
approaches. Note that in (Overduin, J.M. & Cooperstock, 1998) the authors choose a relationship
between Λ and time a priori; whereas in this contribution the explicit time dependence of the
cosmological constant on time is derived from the time dependent Hubble function, 𝐻(𝑡). Since
prior research, (Gkigkitzis, I., Haranas, I. & Kirk, S, 2013) has shown the Hubble function to
depend on the total amount of information, N; this shows that the time dependence of the
cosmological constant is intricately related the total amount of information in the Universe.

6. Conclusion
We have considered a model in which the graviton has zero mass and have calculated the
consequences for matter dominated and radiation dominated universes. The essential assumptions
of the model are that the graviton obeys the same wave dispersion relation as the photon (𝐸 =

ℎ𝑐
𝜆

);

and that the graviton carries physical information. We compare our calculation of the total entropy
of the universe to results from (Gkigkitzis et al, 2013) and (Egan & Lineweaver, 2010). Similarly,
we calculate the Cosmological constant within our model and compare to other models (Haranas
& Gkigkitzis, 2013), (Lopez, Jorge L., and D.V. Nanopoulos, 1996), (Singh, K., 2010) and (Liu,
1

H. & Wesson, P., 2001). Collectively the results of our model can be summarized as Λ ∝ 𝑡 2 and
1

𝑆 ∝ Λ for both matter and radiation dominated universes. We have shown that the time dependence
of the cosmological constant can be calculated through the dynamics of the Hubble function. This
contrasts with most models, Overduin, J.M. & Cooperstock, 1998) for example, where the time
dependence of Λ is chosen a priori. Because our results for the entropy of the universe and for the
cosmological constant are similar to models with a massive graviton; it may be that we exist in a
universe in which it is impossible to distinguish (from macroscopic measurements) whether we
live in a universe with a massive or massless graviton. This points to the fact that the question of
whether the graviton has mass will ultimately be answered by a theory of quantum gravity, i.e a
renormalizable theory describing subatomic interactions is required to further constrain the mass
of the graviton; and ultimately determine if it is massless or not. In future contributions we will
apply our model to dark energy dominated universes; in particular we will explore how different
inflationary models behave under consideration of a massless graviton.
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